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Abstract
Background
Over the past two decades many studies have demonstrated that plant species diversity
promotes primary productivity and stability in grassland ecosystems. Additionally, soil com-
munity characteristics have also been shown to influence the productivity and composition
of plant communities, yet little is known about whether soil communities also play a role in
stabilizing the productivity of an ecosystem.
Methodology/Principal Findings
Here we use microcosms to assess the effects of the presence of soil communities on plant
community dynamics and stability over a one-year time span. Microcosms were filled with
sterilized soil and inoculated with either unaltered field soil or field soil sterilized to eliminate
the naturally occurring soil biota. Eliminating the naturally occurring soil biota not only resulted
in lower plant productivity, and reduced plant species diversity, and evenness, but also desta-
bilized the net aboveground productivity of the plant communities over time, which was largely
driven by changes in abundance of the dominant grass Lolium perenne. In contrast, the grass
and legumes contributed more to net aboveground productivity of the plant communities in
microcosms where soil biota had been inoculated. Additionally, the forbs exhibited compen-
satory dynamics with grasses and legumes, thus lowering temporal variation in productivity in
microcosms that received the unaltered soil inocula. Overall, asynchrony among plant spe-
cies was higher in microcosms where an unaltered soil community had been inoculated,
which lead to higher temporal stability in community productivity.
Conclusions/Significance
Our results suggest that soil communities increase plant species asynchrony and stabilize
plant community productivity by equalizing the performance among competing plant spe-
cies through potential antagonistic and facilitative effects on individual plant species.
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Introduction
Understanding the mechanisms behind biodiversity–ecosystem functioning relationships is a
major issue in ecology for predicting and maintaining ecosystems in the face of environmental
change [1–4]. Previously, it has been shown that higher levels of species diversity, specifically
in grassland ecosystems, can maintain ecosystem functioning, and in particular primary pro-
ductivity [5–9]. Several studies also showed that performance and stability of net aboveground
productivity (NAP) of an ecosystem are directly linked to plant community diversity and com-
position [10–16]. In general, greater stability in ecosystem NAP at higher levels of plant species
diversity can be linked to the increased likelihood for species to respond asynchronously to
environmental perturbations, thus stabilizing the overall performance of the community
through time [17,18]. This can be associated with the increased probability of niche differentia-
tion that occurs among the species at higher diversity levels [14,19–21].
Considering the importance of plant species diversity in stabilizing NAP during environ-
mental perturbations, it is critical to consider ecological mechanisms that support plant com-
munity diversity and mediate their temporal performance. For instance, soil communities are
well known to influence multiple ecosystem functions [22–25], with particular effects on plant
competition and the overall performance and composition of a plant community [22–27].
Considering that diversity and composition of the soil community have a strong influence on
the performance of individual plant species and plant community composition, it is likely that
the interaction of plants with soil communities may be an underlying mechanism influencing
the stability of plant community productivity. Thus, soil organisms that alter the performance
of individual plant species within a community could potentially increase or decrease the sta-
bility of plant community productivity by altering temporal competition dynamics among the
plant species as the plant community develops and responds to environmental variation [28].
This is of critical importance since it is now known that many anthropogenically managed eco-
systems show altered soil community composition as well as the suppression and loss of key
groups of soil organisms that can alter the plant community performance and composition
[29–33]. Only recently, there has been some evidence to suggest that the suppression of key
soil biota, such as mycorrhizal fungi, may be linked with stability in NAP [34]. However, there
is currently little evidence to know whether soil communities overall influence plant commu-
nity stability.
Here we investigate the importance of the soil community for supporting temporal stability
in the NAP of a grassland plant community and the temporal asynchrony among plant species
as the plant community develops. Considering the connections previously found between the
presence of soil biota and plant community performance, we hypothesize that the soil commu-
nities with which the plant community interacts will not only support a high diversity and
NAP in the plant community, but will also promote plant species asynchrony and the stability
in the community productivity. To address our hypothesis, we established a grassland plant
community in a standardized sterile soil substrate inoculated with either a natural unaltered
soil community, or the same inoculum, but sterilized to remove the natural soil biota.
Materials and Methods
Soils and inocula
Experimental microcosms were set up using 42 three-liter pots (19 cm diameter x 14.5 cm
height) that were sterilized by autoclaving. Each pot was filled with 2.25 kg (dry mass) substrate
of a 50/50 field soil/quartz sand mix that was sieved through a 5 mmmesh and sterilized by
autoclaving (120°C for 90 minutes). The field soil used as the sterile substrate in each
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microcosm came from a natural grassland near the Agroscope Reckenholz research station in
Zürich, Switzerland (47° 25’ 38.71”N, 8° 31’ 3.91” E). The sterilized field soil was inoculated
with 125 g of one of the six possible inocula treatments: soil inoculum from three sites with dif-
ferent management practices × two soil community treatments—unaltered or sterilized. The
inocula were mixed throughout the substrate prior to planting. Each of the six soil inocula
treatments was replicated seven times for a total of 42 experimental communities.
The soil inocula were collected from three agricultural fields with different management his-
tories. We used soils from these different management practices to better generalize our results
independent of site-specific histories and characteristics. All sites from where our study's soil
samples were collected did not host endangered or protected species. With the permission of
Jochen Mayer of Agroscope and Paul Mäder of the Institute of Organic Agriculture (FiBL), we
were allowed to collect two of the soils from FiBL’s so-called DOK experimental field site in
Therwil, Switzerland (47° 30' 8.9964”N, 7° 32' 21.8292” E). This experiment was designed to
assess different agricultural management practices, such as conventional and organic manage-
ment, on various ecological and agricultural characteristics of plots (see [29] for details). For
the present study soil was collected from four plots where the management practice was the
addition of organic fertilizer (Site A, organic) and from another four plots where the manage-
ment practice was addition of mineral fertilizer (Site B, conventional). The third soil was sam-
pled, with the permission of the landowner, from their privately owned agricultural plot in
Freiburg, Germany (47° 58' 26.058” N, 7° 46' 31.5336” E). This site had been continuously
planted with the same crop species (maize) for more than 10 years (Site C, intensive). Details
about soil characteristics of the different soil treatments are provided in S1 Appendix in Sup-
porting Information.
At all three sites soil was collected using four transects, one meter apart per plot, coring soil
every four meters. Soil cores were mixed per site and homogenized by sieving through a 5 mm
sieve. Half of the soil from the three sites was sterilized by autoclaving (120°C for 20 min). This
resulted in two inocula treatments per site; a sterile soil inoculum and an unaltered soil inocu-
lum (sensu 27,28,35). Autoclaving soil is well known to eliminate the presence of mycorrhizal
fungi and severely reduce the microbial community [23,35–37]. The inocula volume only
made up approximately 5% of the total soil volume to minimize the possible abiotic effects of
inocula sterilization in our model systems. We used root colonization by arbuscular mycor-
rhizal fungi (AMF) at the end of the experiment (55 weeks post initial inoculation) as an indi-
cator as to whether differences between our unaltered and sterilized soil inoculation treatments
remained after 1 year. Although AMF colonization is only one component of soil community
composition, the absence or presence of AMF is an effective indicator that a key component
of the soil microbiota have been effectively eliminated or severely suppressed. Ultimately,
AMF colonization was very different between the two soil inocula treatments (F1, 37 = 122,
P< 0.0001). AMF colonization in the sterile treatment was on average 5.67% and was not sta-
tistically different from zero (95% confidence interval = -0.23 to 11.1). Conversely the unaltered
soil inoculum treatment had a mean colonization of 60.4% (95% confidence interval = 54.9,
65.8), indicating the sterilized soil inoculum treatment resulted in a suppressed soil biotic com-
munity throughout the experiment.
Plant community
In Fall of 2012 each microcosm was planted with six individuals of the grass Lolium perenne
and six individuals of the nitrogen-fixing legume Trifolium pratense, along with one individual
of Achillea millefolium (forb), Festuca pratensis (grass), Lotus corniculatus (legume), Plantago
lanceolata (forb), and Prunella vulgaris (forb), for a total of 17 individual plants per pot. These
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plant species commonly co-occur in European grasslands [38]. Moreover, this specific mixture
made up largely of T. pratense and L. perenne, was selected because the two main species com-
monly co-occur and are extensively used in land management as crop in fallow years on agri-
cultural fields or establishment as fodder crops. Additionally, T. pratense and L. perenne are
model species for studying temporal dynamics in plant communities due to their complemen-
tary use of the biotope that results in their overyielding [39,40]. Moreover, legumes depend
heavily on associations with their soil biota for increased performance [23,26,41]. We included
the five other plant species in the experimental communities at a lower abundance because
they commonly occur in managed grass-clover fields, and they also allow for a better assess-
ment of plant community compositional responses (e.g. diversity, evenness).
Seeds of each species were surface sterilized by immersion in 2.5% hyposodium chlorate for
five minutes, then rinsing thoroughly in distilled H2O. Surface-sterilized seeds were then plated
onto 1% Agar in Petri dishes to germinate. In order to ensure that the seeds of all species were
at the same stage of development when planted, the seed germination process was staggered so
that each species exhibited the presence of cotyledon(s) and/or radicle when transplanted.
Seedlings were planted into one of 17 evenly spaced and randomly selected positions in the
inoculated substrate of each microcosm. These experimental communities were set up over
two days. In subsequent analysis of variance (ANOVA), the set up day was used as a blocking
factor.
These experimental communities were established in a glasshouse compartment where nat-
ural light was subsidized by 400-W high-pressure sodium lamps in order to maintain an envi-
ronment of 16 h / 25°C days and 8 h / 16°C nights with a light level above 300 W/m2. Twice
weekly, the microcosms were watered to maintain gravimetric soil moisture in the range of 10–
20%. However, since the greenhouse conditions maintain a constant environment, which does
not reflect those found in nature, which might allow for variation in plant species competitive
interactions through time, we induced a variation in the watering regime to simulate environ-
mental variation in precipitation. The variation in precipitation was applied to all of the experi-
mental communities at the same time by withholding watering for 10 days beginning five and
a half weeks before each harvest. The plant communities were grown under these conditions
for a total of 55 weeks (~1 year), with five harvests starting 11 weeks after planting and occur-
ring every 11 weeks after that.
Data collection
Over the 55-week growing period plant individuals were cut at 5 cm above the soil surface
every 11weeks. Plants were harvested from the experimental communities according to the
same schedule in which they were planted. Plant individuals were counted and separated by
species, dried at 65°C and the biomass weighed. For each harvest we calculated the net
aboveground productivity (NAP), and three measures of plant community diversity, as
suggested in work by Jost [42,43]. These diversity measures included plant realized species
richness, Shannon diversity (H’), and inverse Simpson diversity 1/D =
P ðpi
pt
Þ2. We
included these three measures of true diversity as they all utilize differing degrees of
abundance to assess the diversity of a community. Community evenness was calculated as:
Evar ¼ 1 2=p arctan f
PS
i¼1 ðlnðpi Þ 
PS
t¼1
lnðpt Þ
S
Þ2 =Sg, as proposed by Smith and Wilson
[44]. In these equations S is the number of species in the sample and pi is the abundance of the
i-th species and pt is the total community biomass.
Plant species asynchrony was calculated for each experimental community as 1 − φb, where
φb is species synchrony, calculated by φb ¼ s2ðPS
i1 siÞ
2
, where σ2 is the variance in NAP over time
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and σi is the temporal standard deviation of the i-th species in each experimental community
as deﬁned by Loreau & de Mazancourt [19]. Since our experimental design utilized a plant
community dominated by a common grass-clover mixture, we also assessed the asynchrony
among plant functional groups using the above-mentioned equation for asynchrony with σ2
being the variance in the sum of the biomass of two plant functional groups and σi as the tem-
poral standard deviation of plant functional group i. Considering this additional level of com-
munity grouping, beyond the individual species, has been shown to be of particular
importance for capturing a more accurate picture of the effects of diversity on ecosystem stabil-
ity [45] and how that stability scales when moving up the hierarchy of organizational levels
[46]. We calculated temporal stability in both NAP of the whole community and of each indi-
vidual plant species using the inverse coefﬁcient of variation determined by μ/σ, where μ is the
overall temporal mean of each community or species’NAP and σ is the standard deviation of
NAP over time [18,19,47].
Data analysis
All data analysis and statistics were completed using R software (version 3.0.0) and in all analy-
sis significance was determined as a type I error of α< 5%. The R package ‘vegan’ was used to
calculate diversity indices. Plant community characteristics that were repeatedly measured
throughout the experiment (NAP, richness, Shannon diversity, inverse Simpson diversity and
evenness (Evar) were analyzed using the package ‘ASReml’ for R (VSN International) in order
to include the autoregressive structure to account for temporal correlation in the mixed effects
model. In the mixed effects models, all above-mentioned community characteristics were
assessed for the differences between the two soil inoculum treatments and the interaction with
the harvest time point as fixed effects. The experimental block and identity of the microcosm
were added as random intercepts. Since we were specifically interested in the general effects of
the soil community on the temporal performance of the plants in a community context, the
management history was also included as a random effect and its interaction with the soil inoc-
ulation treatment as random intercepts (but see S2–S5 Appendixs for site-specific effects).
The temporal stability in the NAP, the temporal standard deviation of NAP and the perfor-
mance of individual plant species, as well as the temporal asynchrony among plant functional
groups were assessed for differences between unaltered and sterilized soil community treat-
ments with only the soil community treatment as a fixed effect in the model using ‘lme4’, and
‘lmerTest’ packages in R for mixed effects analysis of variances [48]. The temporal standard
deviation of NAP was analyzed to assess how differences in stability (μ/σ) between soil treat-
ments were affected by differences in the mean (μ) and the temporal variation (σ) separately
[49,50].
Results
The sterilized soil inoculum resulted in lower net productivity in the plant communities
(Table 1, Fig 1A & Fig 2A). The net performance of the communities (NAP) and their variation
overtime is a consequence of the response of the individual plant species to the soil inocula
treatments. Here all the plants species were less productive with the sterilized soil inocula with
the exception of the predominant grass L. perenne (Fig 1B–1G). Consequently, plant species
richness, Shannon diversity, inverse Simpson diversity, and evenness were reduced by the inoc-
ulation with a sterile soil inoculum (Table 1, Fig 2B–2E). All plant community characteristics
were also found to vary through time (Table 1, S6 Appendix). The unaltered soil inoculum
resulted in a more stable NAP through time than the community inoculated with sterilized soil
(Fig 2F). Moreover, the sterilized soil inoculum also resulted in a higher temporal standard
Soil Communities Promote Stability in Plant Communities
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deviation in NAP (F1, 35 = 4.94, P = 0.033; Fig 2G) indicating that the decline in stability of
NAP through time (μ/σ) with sterilized soil inoculum resulted from an increase in the temporal
variation in the NAP (σ shown in Fig 2G) as well as a decline in the overall temporal mean in
the NAP (μ shown in Fig 2A). Asynchrony among individual plant species was also found to
decline when plant communities were inoculated with sterile soil (F1, 36 = 9.90, P = 0.003,
Fig 2H).
The difference in the effect of the two soil inoculum treatments on the plant composition
was markedly observed in the proportional abundance of each species between the two soil
inoculum treatments, where the species were much more proportionally represented when
associated with the unaltered soil inoculum (Fig 3A). Conversely, L. perenne was much more
predominant in the plant community when inoculated with the sterilized soil, where all other
species combined contributed to less than 50% of the overall community productivity (Fig 3B).
Additionally, individual plant species were also generally less variable over time when inocu-
lated with the unaltered soil inoculum (Table 2, Fig 4). Specifically, the stability in the perfor-
mance of A.millefolium and the legumes L. corniculatus and T. pratense were most negatively
affected by the sterilization of the soil inoculum (Fig 4). Furthermore, the effect of the soil com-
munity treatment on the asynchrony between different functional groups depended on the
Table 1. Summary of ANOVA results for the effects of soil inoculum treatment on plant community
characteristics.
NAP DFnum DFden F
Harvest (H) 4 115 45.27 ***
Inoculum (I) 1 37.7 13.72 ***
H × I 4 115 2.04 *
Richness
Harvest (H) 4 123.9 11.52 ***
Inoculum (I) 1 37.0 31.57 ***
H × I 4 123.9 1.45
Shannon diversity (H’)
Harvest (H) 4 157.0 11.18 ***
Inoculum (I) 1 47.0 9.97 **
H × I 4 157.0 1.87
Inverse Simpson diversity (1/D)
Harvest (H) 4 145.9 31.55 ***
Inoculum (I) 1 31.3 115.90 ***
H × I 4 145.9 3.59 **
Evenness (Evar)
Harvest (H) 4 147.1 26.84 ***
Inoculum (I) 1 35.7 91.51 ***
H × I 4 147.1 2.22 *
Inoculum refers to the inoculum treatment (unaltered versus sterilized) and harvest to the harvest period (at
11, 22, 33, 44 and 55 weeks). The response variables are the net aboveground productivity (NAP), realized
richness, Shannon diversity, inverse Simpson diversity, and evenness.
* = P < 0.1
** = P < 0.01
*** = P < 0.001
DFnum = numerator degrees of freedom, DFden = Kenward-Roger adjusted denominator degrees of
freedom, F = variance-ratio.
doi:10.1371/journal.pone.0148015.t001
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functional group pairing (Fig 5, F2,80 = 16.2, P<0.0001). Specifically, the unaltered soil commu-
nity promoted asynchrony between grasses and forbs and between forbs and legumes but not
between grasses and legumes (Fig 5).
Discussion
It has been well documented that plant community composition is altered by various soil biota,
such as pathogens, decomposers and symbiotic fungi [22,23,27,28,33,51,52]. Paralleling these
past studies, we found that the unaltered soil community maintained higher plant species
diversity (richness, Shannon diversity, and 1/Simpson diversity) and resulted in a more even
plant community with greater NAP than plant communities with a sterilized soil community.
More importantly, in line with our hypotheses, we found that the unaltered soil communities
led to higher stability in community NAP and maintained a higher asynchrony among plant
species than the sterilized soil community as our experimental plant communities developed
over the course of the experiment. The higher stability in NAP resulted from a combination of
both a higher temporal mean NAP and a lower temporal standard deviation in plant commu-
nities that were associated with the unaltered soil communities.
Fig 1. Net and species specific productivity when inoculated with the sterilized and unaltered soil
inoculum.Means with standard errors of the mean are shown for (a) NAP and (b–h) the individual plant
species at each harvest when grown with sterilized soil inoculum (light points, dashed line) or unaltered soil
inoculum (dark points, solid line). Lines connecting means highlight the trend between consecutive harvest
time points.
doi:10.1371/journal.pone.0148015.g001
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Greater stability in more species-rich grassland communities is often observed to be associ-
ated with lower stability in the performance of individual plant species due to strong asynchro-
nous fluctuations among plant species that result from combinations of environmental,
demographic and competitive fluctuations [18,19,53,54]. However, unlike previous studies, we
found greater stability in the performance of individual plant species in communities where
the overall NAP was more stable. Specifically, the unaltered soil inoculum in our study resulted
in greater performance and stability of individual plant species such that more species were
able to contribute to the NAP and its variation through time. Conversely, with the sterilized
soil community, the NAP of the plant communities was largely driven by the dominance of the
grass L. perenne, such that the temporal variation in the subdominant species had little effect in
stabilizing NAP across time. This indicates that the variation in the productivity of L. perenne
could not be sufficiently compensated for by the productivity of the other species when the soil
community was sterilized, which is also indicated by the lower species asynchrony with the
Fig 2. Temporal mean of plant community characteristics when inoculated with the sterilized and
unaltered soil inoculum.Means with 95% confidence intervals for the pair-wise difference between the
unaltered and sterilized soil community treatments are shown for (a) NAP, (b) realized plant species richness,
(c) Shannon diversity, (d) inverse Simpson diversity, (e) evenness, (f) temporal stability in NAP, (g)
asynchrony among plant species, and (h) the temporal standard deviation of NAP of plant communities when
inoculated with unaltered soil or (dark points) or sterilized (light points) soil. Lightly shaded individual points
are values for individual microcosms.
doi:10.1371/journal.pone.0148015.g002
Fig 3. Plant species composition at each harvest with two soil inocula treatments. Plant community
composition as represented by the species proportional abundance is shown for (a) the unaltered soil
inoculum and (b) the sterilized soil inoculum. Colored bar height indicates the proportion of each plant
species.
doi:10.1371/journal.pone.0148015.g003
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sterilized soil community. This corresponds with previous findings that a higher evenness in
the performance of plant species, often as a result of greater plant species richness, is a key
component behind the stability in the NAP of a community and may be suggestive of greater
species asynchrony [55–58].
Greater stability in individual plant species has been shown to occur when species have cer-
tain growth-stabilizing functional traits, like shallower rooting depth, denser leaves, or reduced
growth when water becomes more available [59]. Here the greater stability in the individual
species and the asynchrony among plant species, as well as between plant functional groups,
likely reflects species resource acquisition traits, such as the dependence of forbs and legumes
on soil mutualistic microbes to acquire and compete for soil resources. For instance, the influ-
ence that soil biota can have on the performance of plants has been well known to shift plant–
plant competitive interactions between grasses, legumes and forbs that ultimately shapes plant
community composition [27,28,33,60–64]. The greater diversity and evenness in our plant
communities could have been a direct effect of soil mutualists, such as rhizobia in legumes and
mycorrhizal fungi in both forbs and legumes. These soil mutualists aid forbs and legumes to
acquire soil resources, thus improving the plants’ aboveground productivity as well as their
ability to compete with neighboring plants, such as grasses [41,60,62,64–66]. Thus, the depen-
dence of some plants on soil mutualistic microbes in our study, such as T. pratense, likely
resulted in soil resource limitation that resulted in the small and slow increase in productivity
over time. Similarly, Yang et al. [34] also reported that the suppression of mycorrhizal fungi
altered the dominance of particular plant species, and reduced the performance of N-fixing
forbs that inhibited the overall temporal stability in the performance of a grassland ecosystem.
The sharp difference in the effect of the soil community on the asynchrony between the grasses
and forbs in our study may indicate that the soil biotic community mediates the temporal soil
resource acquisition between these plant functional groups.
The presence of plant species-specific soil pathogens could have also reduced the temporal
performance of the grasses, such as L. perenne, when inoculated with the unaltered soil. For
example, van der Putten & Peters [28] observed that competition between two grasses over a
16-week period was altered by the sterilization of rhizosphere soil biota, and that the competi-
tive suppression of the subdominant plant over time was increased by sterilization of rhizo-
sphere biota. Considering these studies, it would seem that the temporal variations in the
performance of individual plants species can be driven in part by the soil community, through
Table 2. ANOVA results for effects of soil inoculum on biomass stability.
Stability
DFnum DFden F
T. pratense 1 36.0 6.81*
L. perenne 1 37.0 1.67
L. corniculatus 1 29.1 5.77*
F. pratensis 1 29.7 0.42
P. lanceolata 1 32.2 1.65
A. millefolium 1 29.0 41.0***
P. vulgaris 1 16.8 1.99
* = P < 0.05
*** = P < 0.001
DFnum = numerator degrees of freedom, DFden = Kenward-Roger adjusted denominator degrees of
freedom, F = F-ratio.
doi:10.1371/journal.pone.0148015.t002
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direct and indirect beneficial and antagonistic plant-soil community associations, which may
alter competitive dynamics among plant species as the community develops. However, further
work is need to directly assess how soil mutualisms and pathogens affect plant-plant competi-
tive dynamics and temporal resource partitioning that drive the overall plant community asyn-
chrony and stability.
Our results indicate that the complexity of the belowground soil community with which
plants interact can influence the temporal performance of individual plant species and poten-
tially the competitive interactions among plants. This leads to greater species asynchrony and
the overall stability in the performance of the plant community [67]. However, as some of the
Fig 4. Temporal stability of individual plant species and their contribution to the temporal variation in NAP.Mean values with 95% confidence
intervals are shown for the stability of individual plant species. Plant communities inoculated with the unaltered soil are indicated by dark points and light
points indicate plant communities inoculated with the sterilized soil. Lightly shaded individual points are values for individual microcosms.
doi:10.1371/journal.pone.0148015.g004
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Fig 5. Mean asynchrony between pairs of plant functional groups in the two inoculum treatments. The unaltered soil inoculum is shown in darkly
colored points and the sterilized inoculum treatment in light colored points. Bars represent 95% confidence intervals. G = grasses, F = forbs, L = legumes.
Lightly shaded individual points are values for individual microcosms.
doi:10.1371/journal.pone.0148015.g005
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plant communities grew to a size where the pots potentially limited their growth (> 1g biomass
per liter of soil substrate) [68], further investigation as to the role soil communities play in
shaping the temporal dynamics in plant communities under natural field conditions are need.
Furthering such findings in the future may be of key importance for land management prac-
tices where the diversity and the presence of various groups of soil biota are frequently found
to be suppressed by increased anthropogenic activity [29–32]. However, additional efforts are
needed to better elucidate the more finite mechanisms by which the various components of the
soil community (i.e. pathogens or mutualisms) drive asynchrony among plant species and sta-
bilize ecosystem NAP in both managed and unmanaged ecosystems.
Supporting Information
S1 Appendix. Inocula soil history with initial soil properties analyses results.
(TIF)
S2 Appendix. ANOVA results for responses in plant community characteristics to inocu-
lum site origin, treatment and harvest. Plant community characteristics are net aboveground
productivity (NAP), richness, Shannon diversity (H’), inverse Simpson diversity (1/D), and
evenness (Evar). Density (the total number of individual plants in each community), harvest
period, the soil inocula treatment, the site (source of the soil inoculum) and all interactions
were considered as fixed effects. Model random effect terms are also provided.
(TIF)
S3 Appendix. ANOVA results for the response in stability and species asynchrony to the
soil inocula treatments and the inoculum site origin.
(TIF)
S4 Appendix. Figure showing plant community characteristics in relation to the inoculum
site origin.Mean values with 95% confidence intervals are provided for the (a) NAP, (b) rich-
ness, (c) Shannon diversity, (d) inverse Simpson diversity, (e) evenness, (f) community stabil-
ity, and (g) species asynchrony of plant communities with an unaltered soil community (dark
points) and sterilized soil community (light points) for the three sites averaged over the full
duration of the experiment.
(TIF)
S5 Appendix. ANOVA results for the effect of the soil community treatments on the stabil-
ity in the biomass of individual species and the covariance between the individual plant
species and NAP.
(TIF)
S6 Appendix. Figure showing plant community characteristics in relation to the inoculum
treatments at each harvest point.Mean values are shown with 95% confidence intervals of
plant (a) NAP, (b) richness, (c) Shannon diversity, (d) inverse Simpson diversity, and (e) even-
ness for each harvest the unaltered (dark points) and sterilized (light points) soil community
treatments.
(TIF)
Acknowledgments
We thank Jan-Hendrik Dudenhöffer, Christoph Sax, and Alain Held for project assistance,
Beat Boller for seed donation, Philipp Streckeisen for glasshouse maintenance, Yann Hautier
Soil Communities Promote Stability in Plant Communities
PLOS ONE | DOI:10.1371/journal.pone.0148015 February 1, 2016 12 / 16
for scientific consultation, and Klaus Schitterer and Ernst Brack at the DOK Trial for soil
donation.
Author Contributions
Conceived and designed the experiments: SP CWMvdH BS. Performed the experiments: SP.
Analyzed the data: SP CWMvdH BS. Contributed reagents/materials/analysis tools: SP CW
MvdH BS. Wrote the paper: SP CWMvdH BS.
References
1. Rockström J, SteffenW, Noone K, Persson A, Chapin FS, Lambin EF, et al. A safe operating space for
humanity. Nature. Nature Publishing Group; 2009; 461: 472–5. doi: 10.1038/461472a PMID: 19779433
2. Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, Matulich KL, et al. A global synthesis
reveals biodiversity loss as a major driver of ecosystem change. Nature. Nature Publishing Group, a
division of Macmillan Publishers Limited. All Rights Reserved.; 2012; 486: 105–8. doi: 10.1038/
nature11118 PMID: 22678289
3. Díaz S, Fargione J, Chapin FS, Tilman D. Biodiversity loss threatens human well-being. PLoS Biol.
Public Library of Science; 2006; 4: e277. doi: 10.1371/journal.pbio.0040277 PMID: 16895442
4. Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, et al. Biodiversity loss and its
impact on humanity. Nature. Nature Publishing Group, a division of Macmillan Publishers Limited. All
Rights Reserved.; 2012; 486: 59–67. doi: 10.1038/nature11148 PMID: 22678280
5. Hooper DU. The Effects of Plant Composition and Diversity on Ecosystem Processes. Science (80-).
1997; 277: 1302–1305. doi: 10.1126/science.277.5330.1302
6. Cardinale BJ, Palmer MA, Collins SL. Species diversity enhances ecosystem functioning through inter-
specific facilitation. Nature. 2002; 415: 426–9. doi: 10.1038/415426a PMID: 11807553
7. Hector A, Bagchi R. Biodiversity and ecosystemmultifunctionality. Nature. 2007; 448: 188–90. doi: 10.
1038/nature05947 PMID: 17625564
8. Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector A, et al. Biodiversity and ecosystem
functioning: current knowledge and future challenges. Science. 2001; 294: 804–8. doi: 10.1126/
science.1064088 PMID: 11679658
9. Hector A, Schmid B, Beierkuhnlein C, Caldeira MC, Diemer PG, Dimitrakopoulos M, et al. Plant Diver-
sity and Productivity Experiments in European Grasslands. Science (80-). 1999; 286: 1123–1127. doi:
10.1126/science.286.5442.1123 PMID: 10550043
10. McNaughton SJ. Diversity and Stability of Ecological Communities: A Comment on the Role of Empiri-
cism in Ecology. Am Nat. The University of Chicago Press for The American Society of Naturalists;
1977; 111: 515–525. doi: 10.2307/2460237
11. Naeem S, Thompson LJ, Lawler SP, Lawton JH, Woodfin RM. Declining biodiversity can alter the per-
formance of ecosystems. Nature. 1994; 368: 734–737. doi: 10.1038/368734a0
12. Tilman D, Wedin D, Knops J. Productivity and sustainability influenced by biodiversity in grassland eco-
systems. Nature. 1996; 379: 718–720.
13. Isbell FI, Polley HW,Wilsey BJ. Biodiversity, productivity and the temporal stability of productivity: pat-
terns and processes. Ecol Lett. 2009; 12: 443–51. doi: 10.1111/j.1461-0248.2009.01299.x PMID:
19379138
14. Hector A, Hautier Y, Saner P, Wacker L, Bagchi R, Joshi J, et al. General stabilizing effects of plant
diversity on grassland productivity through population asynchrony and overyielding. Ecology. Ecologi-
cal Society of America; 2010; 91: 2213–2220. doi: 10.1890/09-1162.1 PMID: 20836442
15. Tilman D, Reich PB, Knops JMH. Biodiversity and ecosystem stability in a decade-long grassland
experiment. Nature. Nature Publishing Group; 2006; 441: 629–32. doi: 10.1038/nature04742 PMID:
16738658
16. Roscher C, Weigelt A, Proulx R, Marquard E, Schumacher J, Weisser WW, et al. Identifying population-
and community-level mechanisms of diversity-stability relationships in experimental grasslands. J Ecol.
2011; 99: 1460–1469. doi: 10.1111/j.1365-2745.2011.01875.x
17. Loreau M. Linking biodiversity and ecosystems: towards a unifying ecological theory. Philos Trans R
Soc B Biol Sci. 2010; 365: 49–60. doi: 10.1098/rstb.2009.0155
18. de Mazancourt C, Isbell F, Larocque A, Berendse F, De Luca E, Grace JB, et al. Predicting ecosystem
stability from community composition and biodiversity. Ecol Lett. 2013; 16: 617–25. doi: 10.1111/ele.
12088 PMID: 23438189
Soil Communities Promote Stability in Plant Communities
PLOS ONE | DOI:10.1371/journal.pone.0148015 February 1, 2016 13 / 16
19. Loreau M, de Mazancourt C. Species synchrony and its drivers: neutral and nonneutral community
dynamics in fluctuating environments. Am Nat. The University of Chicago Press; 2008; 172: E48–66.
doi: 10.1086/589746 PMID: 18598188
20. Chesson P. Mechanisms of Maintenance of Species Diversity. Annual Reviews 4139 El CaminoWay,
P.O. Box 10139, Palo Alto, CA 94303–0139, USA; 2003;
21. Huston M. A General Hypothesis of Species Diversity. Am Nat. 1979; 113: 81–101. Available: http://
www.jstor.org/stable/2459944?seq=1#page_scan_tab_contents
22. van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-engel R, Boller T, et al. Mycor-
rhizal fungal diversity determines plant biodiversity, ecosystem variability and productivity. Nature.
1998; 396: 69–72.
23. Wagg C, Bender SF, Widmer F, van der Heijden MGA. Soil biodiversity and soil community composi-
tion determine ecosystemmultifunctionality. Proc Natl Acad Sci U S A. 2014; 111: 5266–70. doi: 10.
1073/pnas.1320054111 PMID: 24639507
24. van der Heijden MG, Bardgett RD, van Straalen NM. The unseen majority: soil microbes as drivers of
plant diversity and productivity in terrestrial ecosystems. Ecol Lett. 2008; 11: 296–310. doi: 10.1111/j.
1461-0248.2007.01139.x PMID: 18047587
25. Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der PuttenWH, Wall DH. Ecological linkages
between aboveground and belowground biota. Science. 2004; 304: 1629–33. doi: 10.1126/science.
1094875 PMID: 15192218
26. Wagg C, Jansa J, Schmid B, van der Heijden MGA. Belowground biodiversity effects of plant symbionts
support aboveground productivity. Ecol Lett. 2011; 14: 1001–9. doi: 10.1111/j.1461-0248.2011.01666.
x PMID: 21790936
27. Hendriks M, Mommer L, de Caluwe H, Smit-Tiekstra AE, van der PuttenWH, de Kroon H. Independent
variations of plant and soil mixtures reveal soil feedback effects on plant community overyielding. Wurz-
burger N, editor. J Ecol. 2013; 101: 287–297. doi: 10.1111/1365-2745.12032
28. Van der PuttenWH, Peters BAM. How soil-borne pathogens may affect plant competition. Ecology.
1997; 78: 1785–1795. doi: 10.1890/0012-9658(1997)078[1785:HSBPMA]2.0.CO;2
29. Mäder P, Fliessbach A, Dubois D, Gunst L, Fried P, Niggli U. Soil fertility and biodiversity in organic
farming. Science. 2002; 296: 1694–7. doi: 10.1126/science.1071148 PMID: 12040197
30. Postma-Blaauw MB, de Goede RGM, Bloem J, Faber JH, Brussaard L. Soil biota community structure
and abundance under agricultural intensification and extensification. Ecology. Ecological Society of
America; 2010; 91: 460–473. doi: 10.1890/09-0666.1 PMID: 20392011
31. Verbruggen E, Röling WFM, Gamper H, Kowalchuk G, Verhoef H, van der Heijden MG. Positive effects
of organic farming on below-ground mutualists: large-scale comparison of mycorrhizal fungal communi-
ties in agricultural soils. New Phytol. 2010; 186: 968–79. doi: 10.1111/j.1469-8137.2010.03230.x
PMID: 20345633
32. Moora M, Davison J, Opik M, Metsis M, Saks U, Jairus T, et al. Anthropogenic land use shapes the
composition and phylogenetic structure of soil arbuscular mycorrhizal fungal communities. FEMS
Microbiol Ecol. 2014; doi: 10.1111/1574-6941.12420
33. De Vries FT, Bracht Jørgensen H, Hedlund K, Bardgett RD. Disentangling plant and soil microbial con-
trols on carbon and nitrogen loss in grassland mesocosms. Wurzburger N, editor. J Ecol. 2015; 103: n/
a–n/a. doi: 10.1111/1365-2745.12383
34. Yang G, Liu N, LuW, Wang S, Kan H, Zhang Y, et al. The interaction between arbuscular mycorrhizal
fungi and soil phosphorus availability influences plant community productivity and ecosystem stability.
van der Heijden M, editor. J Ecol. 2014; 102: 1072–1082. doi: 10.1111/1365-2745.12249
35. Lau JA, Lennon JT. Evolutionary ecology of plant-microbe interactions: soil microbial structure alters
selection on plant traits. New Phytol. 2011; 192: 215–24. doi: 10.1111/j.1469-8137.2011.03790.x
PMID: 21658184
36. Tiwari S, Tiwari B, Mishra R. Enzyme activities in soils: Effects of leaching, ignition, autoclaving and
fumigation. Soil Biol Biochem. 1988; 20: 583–585. doi: 10.1016/0038-0717(88)90079-X
37. Carter DO, Yellowlees D, Tibbett M. Autoclaving kills soil microbes yet soil enzymes remain active.
Pedobiologia (Jena). 2007; 51: 295–299. doi: 10.1016/j.pedobi.2007.05.002
38. Lauber K, Wagner G, Gygax A. Flora Helvetica. 5th ed. Bern: Haupt; 2012.
39. Lüscher A, Finn JA, Connolly J, SebastiàMT, Collins R, Fothergill M, et al. Benefits of sward diversity
for agricultural grasslands. Biodiversity. Taylor & Francis; 2008; 9: 29–32. doi: 10.1080/14888386.
2008.9712877
40. Nyfeler D, Huguenin-Elie O, Suter M, Frossard E, Lüscher A, Hopkins A, et al. Well-balanced grass-
legumemixtures with low nitrogen fertilization can be as productive as highly fertilized grass monocul-
tures. Biodiversity and animal feed: future challenges for grassland production Proceedings of the 22nd
Soil Communities Promote Stability in Plant Communities
PLOS ONE | DOI:10.1371/journal.pone.0148015 February 1, 2016 14 / 16
General Meeting of the European Grassland Federation, Uppsala, Sweden, 9–12 June 2008. Swedish
University of Agricultural Sciences; 2008. pp. 197–199.
41. Klironomos JN. Variation in Plant Response to Native and Exotic Arbuscular Mycorrhizal Fungi. Ecol-
ogy. 2003; 84: 2292–2301. doi: 10.1890/02-0413
42. Jost L. Entropy and diversity. Oikos. 2006; 113: 363–375. doi: 10.1111/j.2006.0030–1299.14714.x
43. Jost L. Partitioning diversity into independent alpha and beta components. Ecology. Ecological Society
of America; 2007; 88: 2427–2439. doi: 10.1890/06-1736.1
44. Smith B, Wilson JB. A Consumer’s Guide to Evenness Indices. Oikos. 1996; 76: 70–82.
45. Flynn DFB, Mirotchnick N, Jain M, Palmer MI, Naeem S. Functional and phylogenetic diversity as pre-
dictors of biodiversity–ecosystem-function relationships. Ecology. Ecological Society of America; 2011;
92: 1573–1581. doi: 10.1890/10-1245.1 PMID: 21905424
46. Bai Y, Han X, Wu J, Chen Z, Li L. Ecosystem stability and compensatory effects in the Inner Mongolia
grassland. Nature. 2004; 431: 181–184. PMID: 15356630
47. Loreau M, de Mazancourt C. Biodiversity and ecosystem stability: a synthesis of underlying mecha-
nisms. Ecol Lett. 2013; 16 Suppl 1: 106–15. doi: 10.1111/ele.12073 PMID: 23346947
48. R Development Core Team. R: A Language and Environment for Statistical Computing [Internet].
Vienna, Austria; 2011. Available: http://www.r-project.org/
49. Gross K, Cardinale BJ, Fox JW, Gonzalez A, Loreau M, Polley HW, et al. Species richness and the tem-
poral stability of biomass production: a new analysis of recent biodiversity experiments. Am Nat. Uni-
versity of Chicago PressChicago, IL; 2014; 183: 1–12. doi: 10.1086/673915 PMID: 24334731
50. Hautier Y, Tilman D, Isbell F, Seabloom EW, Borer ET, Reich PB. Anthropogenic environmental
changes affect ecosystem stability via biodiversity. Science (80-). 2015; 348: 336–340. doi: 10.1126/
science.aaa1788 PMID: 25883357
51. Francis R, Read DJ. The contributions of mycorrhizal fungi to the determination of plant community
structure. Plant Soil. Kluwer Academic Publishers; 159: 11–25. doi: 10.1007/BF00000091
52. Eisenhauer N, Dobies T, Cesarz S, Hobbie SE, Meyer RJ, Worm K, et al. Plant diversity effects on soil
food webs are stronger than those of elevated CO2 and N deposition in a long-term grassland experi-
ment. Proc Natl Acad Sci U S A. 2013; 110: 6889–94. doi: 10.1073/pnas.1217382110 PMID: 23576722
53. Chesson P. Mechanisms of Maintenance of Species Diversity. Annu Rev Ecol Syst. 2000; 31: 343–358
+C1+359–366.
54. Tilman D, Lehman CL, Bristow CE. Diversity-stability relationships: statistical inevitability or ecological
consequence? Am Nat. 1998; 151: 277–82. doi: 10.1086/286118 PMID: 18811358
55. Doak DF, Bigger D, Harding EK, Marvier MA, O’Malley RE, Thomson D. The statistical inevitability of
stability-diversity relationships in community ecology. Am Nat. The University of Chicago Press; 1998;
151: 264–76. doi: 10.1086/286117 PMID: 18811357
56. Cottingham KL, Brown BL, Lennon JT. Biodiversity may regulate the temporal variability of ecological
systems. Ecol Lett. 2001; 4: 72–85. doi: 10.1046/j.1461-0248.2001.00189.x
57. Thibaut LM, Connolly SR. Understanding diversity-stability relationships: towards a unified model of
portfolio effects. Ecol Lett. 2013; 16: 140–50. doi: 10.1111/ele.12019
58. Roscher C, Weigelt A, Proulx R, Marquard E, Schumacher J, Weisser WW, et al. Identifying population-
and community-level mechanisms of diversity-stability relationships in experimental grasslands. J Ecol.
2011; 99: 1460–1469. doi: 10.1111/j.1365-2745.2011.01875.x
59. Polley HW, Isbell FI, Wilsey BJ. Plant functional traits improve diversity-based predictions of temporal
stability of grassland productivity. Oikos. 2013; 122: 1275–1282.
60. Scheublin TR, Van Logtestjn RSP, Van der Heijden MGA. Presence and identity of arbuscular mycor-
rhizal fungi influence competitive interactions between plant species. J Ecol. Blackwell Publishing Ltd;
2007; 95: 631–638. doi: 10.1111/j.1365-2745.2007.01244.x
61. Wagg C, Jansa J, Stadler M, Schmid B, van der Heijden MGA. Mycorrhizal fungal identity and diversity
relaxes plant–plant competition. Ecology. Ecological Society of America; 2011; 92: 1303–1313. doi: 10.
1890/10-1915.1 PMID: 21797158
62. Hartnett D, Hetrick B, Wilson G, Gibson D. Mycorrhizal influence on intra- and interspecific neighbour
interactions among co-occurring prairie grasses. J Ecol. 1993; 81: 787–795.
63. Hetrick BAD, Wilson GWT, Figge DAH. The influence of mycorrhizal symbiosis and fertilizer amend-
ments on establishment of vegetation in heavy metal mine spoil. Environ Pollut. 1994; 86: 171–179.
doi: 10.1016/0269-7491(94)90188-0 PMID: 15091634
64. Zobel M, Moora M. Interspecific competition and arbuscular mycorrhiza: Importance for the coexistence
of two calcareous grassland species. Folia Geobot Phytotaxon. 1995; 30: 223–230. doi: 10.1007/
BF02812100
Soil Communities Promote Stability in Plant Communities
PLOS ONE | DOI:10.1371/journal.pone.0148015 February 1, 2016 15 / 16
65. Wagg C, Jansa J, Stadler M, Schmid B, van der Heijden MG. Mycorrhizal fungal identity and diversity
relaxes plant-plant competition. Ecology. 2011; 92: 1303–13. PMID: 21797158
66. Hetrick BAD, Wilson GWT, Figge DAH. The influence of mycorrhizal symbiosis and fertilizer amend-
ments on establishment of vegetation in heavy metal mine spoil. Environ Pollut. 1994; 86: 171–179.
doi: 10.1016/0269-7491(94)90188-0 PMID: 15091634
67. Tsiafouli MA, Thébault E, Sgardelis SP, de Ruiter PC, van der PuttenWH, Birkhofer K, et al. Intensive
agriculture reduces soil biodiversity across Europe. Glob Chang Biol. 2015; 21: 973–85. doi: 10.1111/
gcb.12752 PMID: 25242445
68. Poorter H, Bühler J, van Dusschoten D, Climent J, Postma JA. Pot size matters: a meta-analysis of the
effects of rooting volume on plant growth. Functional Plant Biology. 2012. pp. 839–850.
Soil Communities Promote Stability in Plant Communities
PLOS ONE | DOI:10.1371/journal.pone.0148015 February 1, 2016 16 / 16
